Animals have evolved a vast array of behavioral and physiological strategies that allow 33 them to achieve a nutritionally balanced diet. Plants as food for herbivores are often considered 34 suboptimal, but phytophagous insects can employ pre-and post-ingestive mechanisms and/or 35 symbiotic associations to help overcome food nutritional imbalances. This is particularly crucial 36 for permanent multivoltine leaf-miner insects such as the caterpillar Phyllonorycter blancardella 37 which completes development within a restricted area of a single leaf and use deciduous leaves to 38 fuel growth and reproduction even under senescing autumnal conditions. Using the geometric 39 framework for nutrition under natural field conditions, we show that this insect has multiple 40 strategies to deal with inadequate food supply from the plant. First, larvae manipulate the protein-41 sugar content of both normal, photosynthetically active, and senescing, photosynthetically 42 inactive, leaf tissues. Control of nutritional homeostasis of mined tissues is however higher for 43 late instars, which differ from younger larval instars in their feeding mode (fluidvs. tissue-44 feeder). Second, slight differences in the protein-sugar environment remain between mined 45 tissues on green and yellow leaves despite this manipulation of the leaf physiology. This insect 46 uses post-ingestive mechanisms to achieve similar body protein, sugar and lipid composition. 47
Introduction 59 60
Feeding on plant tissues is challenging for vertebrate and insect herbivores as this food 61 source is often considered nutritionally suboptimal due to their nitrogen-limited base (Mattson 62 1980; White 1993; Schoonhoven et al. 2005 ). This nitrogen limitation has been recorded in 63 herbivores ranging from large mammals (e.g. impalas, springboks, blesboks, spider monkeys) to 64 insects (e.g. grasshoppers, locusts, caterpillars, leaf-miners) ( Raubenheimer et al. 2009 ). Thus, food intake for any given life-stage is not necessarily matched 72 to life-history trait requirements for that life-stage. However, herbivores can employ a suite of 73 pre-and post-ingestive mechanisms to address this nutritional mismatch (Simpson and 74 Raubenheimer 1993; Behmer 2009; Raubenheimer et al. 2009 ). 75 Different strategies can allow herbivores to regulate their nutrient intake pre-ingestion 76 ( Figure 1 ). (i) Herbivores can select a food source that matches its nutritional requirement. 77
Although this case is ideal, it is most likely to be rare in nature. (ii) They can also feed on an 78 unbalanced food source and compromise by overeating one nutrient while undereating another 79 nutrient ( Figure 1b) (Rothman et al. 2011 ). (iii) An herbivore can reach its intake target by 80 regulating the amount of an individual plant part that is eaten, feeding from a range of different 81 plants or, more likely, through a combination of these two mechanisms (Behmer 2009; Felton et al. 2009 ; Rothman et al. 2011 ). In the case of a specialist herbivore, the same combination of 83 mechanisms can be used, but mixing occurs by feeding on vegetative tissues of different age 84 classes (e.g., young vs. old) or switching between individual plants within the same species or 85 family ( Figure 1c) (Behmer 2009 ). Switching between different food sources can occur at any 86 timescale, ranging from bites to days, and the rate at which switching occurs is determined by the 87 costs associated with such behaviors. 88
In the context of insect nutritional ecology, endophytophagous organisms such as gall-89 inducing and permanent leaf-mining insects are peculiar because they simultaneously live in, and 90 eat their food; they also live in a restricted nutritional environment (Stone and Schönrogge 2003; 91 Giron et al. 2016) . As a consequence, while endophagous insects by their feeding habit secure 92 their nutrition and shelter for either shorter or longer periods of their life history, they are also 93 trapped in a very restricted area within plant tissues with no possibilities to switch between plants 94 or leaves if their food source varies in quantity and/or quality. Endophagous insects have evolved 95 specific feeding strategies to deal with this challenging environment by altering the plant 96 morphology and physiology for their own benefits (Stone and Schönrogge 2003; Giron et al. 97 2016) . This allows them to manipulate their host plant in a way to best meet their needs, 98 including counteracting plant defenses, and compensating for variation in food nutritional 99 composition (Figure 1d ) (Stone and Schönrogge 2003) . 100
Gall-inducing insects have long been known to alter the plant morphology and physiology 101 for their own benefits, but data on the nutritional needs of leaf-miners, and their potential 102 capacity to modify the plant to meet nutritional needs, have remained however scarce (Giron et 103 al. 2016 Body et al. in prep) . This leaf-miner spends its entire larval life-cycle within a small area of a single leaf with no possibilities to extend its nutritional micro-107 environment, or to switch between plants or leaves in case of inadequate food supply (Body et al. 108 2015) . As a multivoltine species, different generations of this insect experience, over the course 109 of a season, leaves with different nutritional profiles Body et al. in prep) . 110
Within a single generation, insects also interact with leaves offering different ratios of nutrients. 111
For instance, the last generation has to face adverse autumnal conditions where senescing yellow 112 leaves represent for the developing larva a poor and declining source of nutrients with a lower 113 sugar content relative to green leaves Body et al. in prep) . However, to face 114 these constraints, P. blancardella and several other leaf-miner species can prevent mined tissues 115 from senescing (inducing a 'green-island' phenotype) through a manipulation of the plant 116 2009). First, the GF depicts an animal as living in a multidimensional 'nutrient space', where 149 foods can be defined by the amounts and ratios of their nutritional constituents (typically 150 macronutrients). Second, if the nutritional value of a given food can be measured, and if food 151 consumption can be quantified, the GF makes it possible to estimate the amounts and ratios of 152 key nutrients ingested (in GF parlance, this is known as an 'intake target'). Third, and finally, 153 chemical profiles of the animals can be conducted (e.g., body protein, sugar and lipid content can be measured; in the GF such measures are called 'growth targets'). Linking intake targets and 155 growth targets allows nutrient utilization to be assessed. The GF has proven powerful in 156 manipulative research and has been extensively used in highly controlled laboratory conditions 157 but only in very few observations of free-living animals in the wild (Raubenheimer 2011 ). The 158 current study aims to apply, for the first time, the GF in field conditions, using a non-159 manipulative approach on a complex biological system that involves manipulation of the host-160 plant. This allows the understanding of the interplay between an insect and its host-plant under 161 natural conditions, with a clear characterization of the amount and composition of food ingested 162 by the insect, and the evaluation of related nutrient allocation strategies. However, such studies 163 are challenging in endophagous insects as the system is difficult to manipulate due to (i) their 164 peculiar lifestyle within plant tissues and (ii) the lack of artificial diet these organisms for which 165 the microenvironment generated is also critical for their survival. For these reasons, the use of GF 166 allows not only the understanding of nutrient regulation in a biological system for which no 167 artificial diet is available but also to add more physiological realism to plant-insect nutritional 168 ecology studies. 169
Due to the high nutritional constraints faced by permanent leaf-miner insects such as P. 170 blancardella, we hypothesize that this insect has evolved multiple ways to deal with inadequate 171 nutrition from the plant. This is expected to include pre-and post-ingestive mechanisms to 172 control for leaf nutritional composition (Figure 1d ), nutrient intake and/or allocation of ingested 173 nutrients. Based on insect nutritional requirements and current knowledge on this biological 174 system, we further hypothesize insect control of the leaf physiology to operate not only on sugars 175 but also on proteins for the two larval feeding modes ( Figure 1d ). Collectively, our approach 176 provides a field-based view of nutrient regulation in a complex tripartite biological system that 177 involves manipulation of the host-plant. We end the discussion with a comparison of optimal protein-carbohydrate requirements for 117 insect species, which reinforces the hypothesis of a 179 close association between P. blancardella and endosymbiotic bacteria for nutritional purposes. The composition of leaf tissues consumed (protein and sugar amounts) determines the 291 "nutritional landscape" used by insects, and is expressed as a percentage of the leaf dry weight 292 (as average ± S.E.M.). The withdrawal of sugar-rich mesophyll tissues by leaf-mining insects, 293 and the over-representation of sugar-free epidermis in the mined tissue samples, must be taken 294 into account when comparing mined and unmined tissues. Thus, gravimetry was used to estimate 295 the amount of mesophyll eaten by larvae, which in turn allowed us to correct biochemical data 296 accordingly (see Supplement 1).
The amount of leaf tissues ingested (quantified by gravimetry; see Supplement 1), and the 298 specific nutrient composition of these tissues, were used to estimate the amounts of protein and 299 sugar ingested by leaf-mining larvae which correspond to their "intake target". All data are 300 expressed in µg (average ± S.E.M.). 301
The amounts of protein, sugar and lipid in caterpillars (body composition) were quantified 302 to estimate their "growth target" and are expressed in µg (average ± S.E.M.). An exact 303 determination of intake targets would require challenging leaf-mining larvae with various 304 artificial diets which are not available for most of endophagous insects, including P. 305 blancardella. However, in our attempt to use the GF in the field and on a biological system for 306 which no artificial diet is available, we used the amount of leaf tissues ingested and the specific 307 nutrient composition of these tissues to estimate the amounts of protein and sugar ingested by 308 leaf-mining larvae. 309
Comparison between mined and unmined leaf tissues demonstrates pre-ingestive 310 regulation of nutrient composition through manipulation of the host-plant macronutrient profile. 311
In contrast, post-ingestive regulation of nutrients is shown through comparison of nutrient 312 amounts ingested by the caterpillar ("intake target") with the chemical composition of its body 313 ("growth target"). 314
315

Statistical analysis 316
Statistical analyses were performed using R version 3.2.1 and RStudio version 0.99.467 317 (The R Foundation for Statistical Computing, Vienna, Austria). When necessary, data were 318 transformed using a Log10 transformation allowing the use of parametric statistical tests (Zar 319 2007) . We used multivariate analyses of variance (MANOVA) to analyze (i) protein-sugar in 320 plants, (ii) protein-sugar eaten by caterpillars, and (iii) protein-sugar and protein-lipid, in caterpillars. For all MANOVA analyses, we used the Pillai's test statistic, which is considered to 322 be the most robust to violations of assumptions (Scheiner 1993; Behmer and Joern 2008) . Where 323 significant effects were observed, post-hoc comparisons were performed. 324
Preliminary statistical analysis showed that there were no significant differences in the 325 amounts of protein and sugar between unmined tissues (ipsilateral (UM 1 ), contralateral (UM 2 ) 326 tissues) and non-infected leaf tissues from an adjacent neighboring leaf (UM 3 )) (MANOVA: on 327 green leaves, F 2,124 = 0.073, P = 0.928; on yellow leaves, F 2,121 = 0.377, P = 0.686). This indicates 328 that the leaf-miner effects on protein and sugar contents are restricted to the mine and do not 329 impact adjacent leaves systemically, allowing us for the use ipsilateral (UM 1 ) and contralateral 330 (UM 2 ) tissues as an unmined control. Additionally, the amounts of protein and sugar of unmined 331 zones (UM 1 and UM 2 ) were identical (MANOVA: on green leaves, F 2,82 = 0.026, P = 0.974; on 332 yellow leaves, F 2,80 = 0.162, P = 0.850). This allows the statistical comparison of mined (M) vs. Here we made six comparisons. First, we contrasted the protein and soluble sugar profiles 339 of unmined tissues from green (photosynthetically active tissue) and yellow leaves (senescing 340 tissue). The protein and soluble sugar profiles of these two leaf types differed (Table 1a) ; green 341 leaves, compared to yellow leaves, had significantly higher soluble sugar levels, but reduced 342 protein levels (Figures 2a and 2b) . Next, leaf protein and sugar amounts of mined tissues on 343 green and yellow leaves was compared across a number of different conditions (Table 1b-f). The 344 first comparison from these analyses is between mined tissues on green and yellow leaves. The protein-sugar profiles were significantly different (Table 1b ), but this difference (for both feeding 346 stages) was a function of soluble protein content, which was higher for mined tissues on yellow 347 leaves (Figures 2a and 2b) ; soluble sugar content was similar in the two mined tissues of green 348 and yellow leaves. The next two comparisons were between unmined and mined tissues, on both 349 green and yellow leaves. On green leaves, a difference in the two tissue types was only observed 350 during the fluid-feeding stage, with sugar levels being significantly reduced in mined tissues 351 compared to unmined tissues (Table 1c ; Figure 2 ). On yellow leaves, the nutrient profiles of 352 mined and unmined tissues differed for both feeding stages (Table 1d ). Here, sugar levels were 353 significantly increased in mined tissues, but no differences in protein content were observed 354 (Figures 2a and 2b) . Two final comparisons were made. First, we compared the protein-sugar 355 plant profile available to fluid and tissue-feeders on green leaves (Table 1e ). Next, we compared 356 protein-sugar plant profiles for fluid and tissue-feeders on yellow leaves (Table 1f ). In both 357 instances, the protein-sugar profiles of the mined tissues were similar for fluid and tissue-feeders. 358
359
Caterpillar intake and growth targets 360
The intake target, defined as the amount of sugars and proteins eaten, differed between 361 green and yellow leaf tissue-feeding caterpillars (Table 1g) ; this was mostly a function of 362 caterpillars on yellow leaves ingesting slightly more protein compared to caterpillars from green 363 leaves (Table 1g ; Figure 3a ). 364
Two separate growth targets were analyzed. We found no difference in the protein and 365 sugar amounts in caterpillars collected from green or yellow leaves (Table 1h ; Figure 3a) . 366
Likewise, we found no difference in the protein and lipid amounts in caterpillars collected from 367 green or yellow leaves (Table 1i ; Figure 3b ). Finally, body mass did not differ between tissue-feeding larvae feeding on green or yellow leaves (larvae on green leaves: 1.82 ± 0.16 mg; on 369 yellow leaves: 1.40 ± 0.23 mg; Wilcoxon test: P = 0.161). regulating, and utilizing their nutrient intake. Interestingly, and despite living in two different 413 nutrient landscapes (Figure 2) , caterpillars from green and yellow leaves showed very similar 414 soluble protein:sugar intake targets (the position of the two intake targets differed, although no 415 significant differences in protein or soluble sugar intake were detected; Figure 3a , Table 1g ). In whether symbiotic microorganisms synthesize and provide key limiting amino acids in this 465 system remains to be established. Using a similar approach on a larger range of organisms can 466 extend the role of symbiotic microorganisms in insect nutrition beyond classical examples and 467 holds considerable promise for promoting the study of field-based nutritional ecology. 468 469 caterpillar intake and growth targets. In all cases, MANOVA were conducted; for each 632 comparison, univariate tests (shown under each comparison) were also conducted (ns = no 633 significant difference, P > 0.05; * = P < 0.05; ** = P < 0.01; *** = P < 0.001). Caterpillar intake 634 and growth targets were only measured for the tissue-feeding stage. 635 Table 1 . 1
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